Abstract Nitric oxide synthase (NOS) genes (NOS1, NOS2A, and NOS3) may create excess nitric oxide that contributes to neurodegeneration in Parkinson's disease (PD). NOS genes might also interact with one another or with environmental factors in PD. Coding and tagging single nucleotide polymorphisms (SNPs) (27 NOS1, 18 NOS2A, and five NOS3 SNPs) were genotyped in families with PD (1,065 cases and 1,180 relative and other controls) and were tested for allelic associations with PD using the association in the presence of linkage test and the pedigree disequilibrium test (PDT), allelic associations with age-at-onset (AAO) using the quantitative transmission disequilibrium test, and interactions using the multifactor dimensionality reduction-PDT. Gene-environment interactions involving cigarette smoking, caffeine, nonsteroidal anti-inflammatory drugs, and pesticides were examined using generalized estimating equations in participants with environmental data available. Significant associations with PD were detected for the NOS1 SNPs rs3782218, rs11068447, rs7295972, rs2293052, rs12829185, rs1047735, rs3741475, and rs2682826 (range of p=0.00083-0.046) and the NOS2A SNPs rs2072324, rs944725, rs12944039, rs2248814, rs2297516, rs1060826, and rs2255929 (range of p=0.0000040-0.047) in earlieronset families with sporadic PD, and some SNPs were also associated with earlier AAO. There was no compelling statistical evidence for gene-gene interactions. However, of the significantly associated SNPs, interactions were found between pesticides and the NOS1 SNPs rs12829185, rs1047735, and rs2682826 (range of p=0.012-0.034) and between smoking and the NOS2A SNPs rs2248814 (p=0.021) and rs1060826 (p=0.013). These data implicate NOS1 and NOS2A as genetic risk factors for PD and demonstrate that their interactions with established environmental factors may modulate the environmental effects.
Introduction
In the United States, at least one million individuals suffer from the neurodegenerative disorder known as Parkinson disease's (PD) [1] . Progressive depletion of dopaminergic neurons in the substantia nigra of the brain leads to PD, and once approximately 70% of the neurons have been lost, individuals with PD begin to display the primary clinical signs of PD, including resting tremor, muscular rigidity, and bradykinesia (slowness of movement) [2] . Rare nonsynonymous mutations in several genes (α-synuclein, parkin, UCH-L1, PINK1, DJ-1, and LRRK2) have been shown to cause familial forms of PD, but taken together, these variants account for only a small portion of the overall prevalence of PD [3, 4] . Far less is known about the genetic variants that are not sufficient on their own to cause disease but increase disease susceptibility for the more common sporadic form of PD. Several environmental factors have been suggested to influence risk of sporadic PD [3] , but their biological mechanisms of action in the substantia nigra have eluded investigators. The vast majority of cases with sporadic PD likely results from interactions between susceptibility genes and environmental triggers [5] , so identification of gene-environment interactions is a paramount step in deciphering the complex etiology of PD.
Nitric oxide (NO) performs vital physiological functions in the nervous and other systems under normal concentrations, but persistent high levels of NO can create a toxic environment. Three nitric oxide synthase (NOS) isoforms, produced by different genes, have been well characterized in humans: neuronal NOS (nNOS) produced by the gene NOS1, inducible NOS (iNOS) produced by the gene NOS2A, and endothelial NOS (eNOS) produced by the gene NOS3. iNOS normally induces low amounts of NO, but under pathogenic conditions, high levels of NO are generated to combat environmental insults in a wide range of cells upon induction. Conversely, the constitutive NOS isoforms, nNOS and eNOS, control a fluctuating low level of NO to perform normal physiological functions in neurons and vascular endothelial cells, respectively.
Altogether, the highest levels of NO throughout the body are found in the neurons [6] . Given this and the delicate balance between beneficial and toxic consequences of NO synthesis [7] , NOS1, NOS2A, and NOS3 are strong candidate susceptibility genes for PD. Studies, including our own, have reported significant associations of NOS1 and/or NOS2A single nucleotide polymorphisms (SNPs) with PD [8] [9] [10] , but contradictory reports have emerged [11, 12] . The majority of common genetic variation was not captured in most of the studies examining the NOS genes as only one or a few polymorphisms were tested for association with PD [9] [10] [11] . A comprehensive evaluation of associations between PD and multiple polymorphisms across each candidate NOS gene is thus warranted. Further, regulatory interactions between the NOS genes have been proposed [13] , but no studies have reported such interactions in PD.
Environmental factors implicated in PD potentially interact with one or more of the candidate NOS genes. Numerous epidemiologic studies have reported inverse associations of cigarette smoking and/or caffeine consumption with PD, and meta-analysis suggested that individuals with PD are 50% less likely to report ever smoking and 30% less likely to report caffeinated coffee consumption as compared to controls [14] . We previously corroborated inverse associations of cigarette smoking and caffeine consumption with PD in our family-based case-control sample [15] . Recently, nonsteroidal anti-inflammatory drugs (NSAIDs) have also been suggested to delay or prevent onset of PD [16, 17] . In our study, we did not corroborate previous inverse associations of nonsteroidal anti-inflammatory drugs (NSAIDs) with PD [15] , but it remains possible that interactions between NSAIDs and genetic factors may obscure the associations of NSAIDs with PD.
In contrast to these protective environmental factors, pesticide application has been suggested to increase the risk of PD, and meta-analysis of studies conducted in the US suggested that individuals with PD are over two times as likely to report ever being exposed to pesticides as compared to controls [18] . We also found a significant positive association between PD and pesticides, and more specifically, insecticides and herbicides, in our family-based casecontrol sample [19] . The mechanisms through which these environmental factors exert their effects remain unknown, and we hypothesize that these environmental effects might act in concert with the NOS genes. Significant interactions between cigarette smoking and SNPs in NOS1 and NOS2A have been reported [8, 10] , but to our knowledge, no other studies have examined interactions involving the NOS genes and any other environmental factor in PD. To better understand the relationship of the candidate NOS genes and the potentially interacting environmental factors on PD, we conducted a comprehensive examination of SNPs across each NOS gene (NOS1, NOS2A, and NOS3) and interactions among these SNPs and environmental factors (smoking, caffeine, NSAIDs, and pesticides) in PD.
Subjects and methods

Study population
The Morris K. Udall PD Research Center of Excellence at Duke University Medical Center and the 13 centers of the PD Genetics Collaboration ascertained families with PD to identify genetic risk factors. Probands were referred to our study by various sources, including physicians, clinics, local support groups, other participants, media coverage, and the Udall Center website. Once recruited, probands were administered a family history interview to generate at least a three-generation pedigree. Given sporadic PD (i.e., only one individual with PD in the family), the probands were asked to contact siblings, parents, and spouses to request their participation. Given familial PD (i.e., more than one individual with PD in the family), probands also requested participation of other individuals with PD, their siblings, parents, and spouses as well as relatives connecting the individuals with PD. Informed consents were signed by all participants prior to collection of data and a blood sample for a DNA source, in accordance with the study protocols approved by the institutional review boards at the respective centers.
Previously described diagnostic criteria were followed to classify individuals as affected, unaffected, or unclear based on the presence of two out of three cardinal features (resting tremor, rigidity, or bradykinesia) [8] . Individuals with an unclear diagnosis were referred to movement disorder specialists for further evaluation and were removed from analyses to minimize phenotypic misclassification. Age-atexamination (AAE) was recorded for all participants, and age-at-onset (AAO) was recorded for individuals with PD as the age at which they first recalled one of the cardinal features of PD. Self-reported AAO has been shown to be a reliable measure of clinical onset as it correlates strongly with AAO noted in medical records and AAO reported by close relatives of the proband [20] . Participants with detected mutations in parkin, α-synuclein, or LRRK2 were excluded from this study to minimize genetic heterogeneity. To minimize bias due to population stratification, only selfreported white participants were included as this racial subset was the only subset with sufficient statistical power.
SNP selection and genotyping
Genotype data from 30 white European families (Centre d'Etude du Polymorphisme Humain, or CEPH, families) included in the International HapMap project were examined to select single nucleotide polymorphisms (SNPs) [21] . Tagging SNPs across NOS1, NOS2A, and NOS3 were chosen using the Tagger program in Haploview [22, 23] . All common (minor allele frequency ≥5%) phase II HapMap variants were considered, and tagging SNPs that capture these variants with a pairwise r 2 ≥0.67 were selected. In addition, previously implicated SNPs (rs2682826 in NOS1 and rs1060826 in NOS2A) [9, 10] were selected for genotyping as well as other validated coding SNPs (rs1047735 in NOS1, rs3730014 and rs16966563 in NOS2A, and rs1549758 in NOS3) identified from dbSNP of the National Center for Biotechnology Information database. A total of 27 NOS1 SNPs, 18 NOS2A SNPs, and five NOS3 SNPs were selected for genotyping.
Genomic DNA was extracted from whole blood using the Puregene DNA purification kit (Gentra Systems, Minneapolis, MN). The selected SNPs were genotyped using the TaqMan allelic discrimination assay (Applied Biosystems [ABI], Foster City, CA) with probes and primers designed through ABI's assay-on-demand and assay-by-design services. TaqMan polymerase chain reaction (PCR) amplification was performed in 5 μl volumes (3 ng dried DNA, 1x TaqMan master mix from ABI, 900 nM of each primer, and 200 nM of each probe) using GeneAmp PCR system 9700 thermocyclers (ABI) with 50-cycle programs. Fluorescence from PCR amplification was detected using the ABI Prism 7900HT Sequence Detection systems and analyzed with its software.
Stringent quality control measures were implemented to maximize genotype accuracy and precision. Each 384-well plate contained wells with no DNA template to serve as negative controls. Internal control samples included two CEPH samples duplicated across all plates and 24 duplicated subject samples per plate, which were blinded from laboratory technicians. To pass quality control, each DNA plate had to meet 100% matching for duplicated samples as well as 95% overall genotyping efficiency.
Environmental risk factor data collection Individuals enrolled through the Udall Center were administered a structured telephone questionnaire to collect detailed environmental risk factor data on demographics, health and habits, and pesticide and other chemical exposures. Reference ages were determined to give cases and controls comparable environmental exposure periods prior to age at onset of symptoms in the cases. The reference age was the AAO for cases, while the reference age for controls was the AAE minus the mean disease duration among cases (8 years) .
The health and habits section of the questionnaire assessed cigarette smoking, caffeine (coffee, tea, and/or soft drinks) consumption, and NSAIDs (aspirin, ibuprofen, and/or naproxen) use. Participants who reported smoking, consuming any of the caffeine sources, or using any of the NSAID sources for at least once per week for 1 month or longer prior to their reference age were considered ever exposed to the relevant lifestyle factor. Participants were considered never exposed to any factor if they reported never being exposed or their exposure did not fit the specified criteria for being classified as ever exposed.
The pesticide exposure section assessed whether participants applied pesticides at work or in their home, garden, or lawn. Only first-hand exposures were considered. Participants who reported applying pesticides were asked to list the name of any pesticide they remembered using, the number of days it was used, and the years application started and stopped (if applicable). The reported pesticides were classified into specific chemical classes, but this classification scheme did not provide adequate statistical power to examine gene-environment interactions in our sample. Instead, the reported pesticide chemicals were classified more broadly into functional types (e.g., insecticides or herbicides). Those who reported applying any pesticides (or insecticides and herbicides specifically given our previous findings [19] ) prior to the reference age were considered ever exposed. Frequency (days per year) and duration (years prior to reference age) of all reported pesticide applications were summed, and cumulative exposure (days) was calculated as the product of frequency and duration. Participants who reported never applying any pesticides were considered never exposed.
Statistical analyses
We used the Genetic Data Analysis (GDA) program to assess deviations from Hardy-Weinberg equilibrium (HWE) [24] . Linkage disequilibrium (LD), as measured by r 2 and D′ values, was assessed using the Haploview program for all pairwise marker combinations in each gene [23] . HWE and LD analyses were conducted in case and control samples separately, with at most one case and one control randomly selected from each family.
Family-based tests of association were used to examine associations of SNPs with PD. The association in the presence of linkage (APL) test [25] and the pedigree disequilibrium test (PDT) [26, 27] are both validated transmission-disequilibrium based methods, which compare the distributions of alleles transmitted to affected offspring to alleles not transmitted, but the power of the two methods varies depending on the pedigree structures in a data set [28] . Given that our data set consists of a variety of nuclear as well as extended pedigree structures, we applied both the APL and PDT methods to test for allelic associations of the 50 SNPs with PD. SNPs with significant allelic association results (p≤0.05) were also tested for genotypic association using the genotype-PDT [29] .
Given that family history is considered an important risk factor in PD [30] , data were stratified into families with sporadic and familial PD. Within family history subsets, families were further stratified by AAO. Families with a minimum AAO <40 years were considered early-onset, and families with a minimum AAO ≥ 40 years were considered late-onset. Progressively older AAO cutoffs of 45, 50, 55, and 60 were also applied to test for AAO trends in association. SNPs significantly associated with PD in any AAO strata were then tested for association with AAO as the outcome variable. The Monks-Kaplan method of the quantitative transmission disequilibrium test (QTDT) was used to test for allelic associations with AAO in the relevant family history subset [31] .
The multifactor dimensionality reduction-PDT (MDR-PDT) method, a merger of the genotype-PDT [29] and MDR [32] methods, was used to test for multi-locus associations between the NOS SNP genotypes in PD [33] . The MDR-PDT method involves calculation of the genotype-PDT test statistic for each multi-locus combination, identification of high-risk multi-locus genotypes, and permutation testing to control type I error in assessing the significance of those combinations predicting disease status [33] . Addition of loci that do not contribute to disease into the MDR-PDT model reduces power to detect truly associated loci [33] . Given this, interactions between the NOS SNP genotypes were first examined two genes at a time and then examined for all three NOS genes. The best models identified by MDR-PDT with two and three SNPs were explored, and if any of these models were statistically significant (p≤0.05), an additional model involving four SNP loci was explored.
When using data-driven methods such as MDR-PDT, it is important to validate significant findings with a traditional regression modeling method [34] . A convergence of statistically significant results across analytic methods would support a true gene-gene interaction rather than a multilocus association driven by a main association at a single locus or chance findings [34, 35] . Modeling with generalized estimating equations (GEE) is a valid and powerful approach to testing gene-gene and gene-environment interactions in family-based case-control data that can use all sampled relatives regardless of pedigree structure [36] . GEE model building was used to assess the goodness of fit of nested models containing the SNPs identified by significant MDR-PDT models (p≤0.05). The patterns of high-risk genotype combinations identified by MDR-PDT were followed to choose the appropriate genotype coding in the GEE models with PD affection status as the outcome.
A likelihood ratio statistic was calculated by taking two times the difference between the log likelihoods for the nested models, and a chi-square test was performed using this statistic with degrees of freedom being equal to the number of deleted terms. A chi-square test with p≤0.05 provided evidence for an interaction between the SNPs. The model building approach was taken one step further by removing one of the SNPs at a time to assess which SNP provided the most information about the disease affection status. GEE was implemented with the independence correlation matrix using PROC GENMOD of SAS version 8e (SAS Institute, Cary, NC). This matrix was found to be preferable to the exchangeable correlation matrix in a simulated data set of similar structure to our actual PD data set [36] .
Gene-environment interaction analyses were conducted using GEE in the subset of the overall data set with environmental risk factor data available consisting mostly of individuals from sporadic PD families. Two types of GEE models were constructed using PD affection status as the outcome variable. Sex and AAE were included as confounding variables in all GEE models given their significant differences between cases and controls. The allele that was overtransmitted to cases for significantly associated SNPs was defined as the risk allele; otherwise, the minor allele was defined as the risk allele. In both GEE models, individuals carrying the risk allele in either homozygote or heterozygote form were considered risk allele carriers, while individuals carrying the wild-type allele in homozygote form were considered risk allele noncarriers. The full GEE model assessed interactions for each NOS SNP and environmental factor combination by including risk allele carrier status (carrier vs non-carrier), environmental exposure history (ever vs never), and an interaction term between carrier status and exposure history. In this model, participants who were risk allele non-carriers for the relevant SNP and never exposed to the relevant environmental factor served as the referent group. P values were calculated for the full GEE model to show the significance of each combination.
For SNP and environmental factor combinations with a significant interaction term (p≤0.05), stratified analyses were performed to examine differential associations of the environmental factor by risk allele carrier status. The stratified GEE models assessed the associations of ever being exposed to the environmental factor (or being exposed at the high and low cumulative exposure levels) in carriers and non-carriers of risk alleles, separately. In each stratum, participants never exposed to the environmental factor served as the referent group. Adjusted odds ratios (ORs) and 95% confidence intervals (CIs) were calculated for stratified GEE models to show any differential patterns of association for stratified analyses.
Several tests were conducted to detect gene-environment interactions, but a multiple testing correction with approaches such as the Bonferroni correction or the false discovery rate would be too conservative given the correlations between intragenic SNPs. Instead, the following criteria were used to select the gene-environment combinations with the strongest statistical evidence for interaction: (1) more than one SNP in the gene must present a significant (p≤0.05) interaction term with the environmental factor, (2) at least one SNP with a significant interaction term must also be significantly associated with PD by itself (p≤0.05), and (3) when stratifying the data by risk allele carrier status, the same pattern of association for the environmental factor must be shown for each SNP.
Results
In total, 695 families (1,065 cases and 1,180 relative and other controls) were analyzed for our genetic study, including 337 families with sporadic PD and 358 with familial PD. Characteristics of the study population as divided into families with sporadic and familial PD are provided in Table 1 . There were no significant deviations from HWE in any of the 50 genotyped SNPs for both cases and controls in families with either sporadic or familial PD.
Single-locus genetic associations
The NOS1, NOS2A, and NOS3 SNPs were tested for allelic association with PD using APL and PDT in overall, earlyonset (minimum AAO <40 years), and late-onset (minimum AAO ≥40 years) families with sporadic and familial PD. Several NOS1 and NOS2A SNPs were significantly associated with PD in families with sporadic PD, and these results are shown in Table 2 ) showed significant associations with PD using APL and/or PDT in the 337 overall families with sporadic PD. The allelic associations of three of these SNPs (rs12944039, rs2297516, and rs2255929) became highly significant (p<0.0001 using APL and p<0.01 using PDT) in the 40 early-onset families with sporadic PD, and significant genotypic associations were also present for rs12944039 (genotype-PDT p = 0.001), rs2297516 (p = 0.013), and rs2255929 (p=0.021) in these families. Allelic associations of two additional SNPs (rs2248814 [A] and rs1060826 [A]) were found to be significant using APL (p<0.01) in these families. The SNP rs12933039 was also significantly associated with PD in the 297 late-onset families with sporadic PD. The major alleles of rs12944039 and rs2255959 were the overtransmitted alleles in the association tests, whereas the minor alleles of the other significantly associated NOS2A SNPs were the overtransmitted alleles. There were no significant associations between PD and any NOS3 SNP in families with either sporadic or familial PD.
NOS1 and NOS2A SNPs were not significantly associated with PD in familial PD families (data not shown), with the exception of significant associations for the NOS2A SNPs rs1060826 (p=0.052 using APL and p= 0.0040 using PDT) and rs2255929 (p=0.052 using APL and p=0.020 using PDT) in the 32 early-onset familial PD families. Since significant allelic associations were restricted to families with sporadic PD for the NOS1 SNPs and were strongest in these families for the NOS2A SNPs, subsequent analyses were restricted to families with sporadic PD. LD patterns for each gene were similar between the case and control samples from families with sporadic PD. LD measures from this case sample are reported in Fig. 1 . Most of the significant allelic associations for NOS1 and NOS2A SNPs were detected in the early-onset families using an AAO cutoff of 40 years, so allelic associations were further tested in early-onset families using progressively older AAO cutoffs (45, 50, 55, and 60 years) to assess the patterns of association by AAO. Allelic association results for NOS1 SNPs using APL in early-onset families at varying AAO cutoffs are shown in Fig. 2 . Significance of the previously associated NOS1 SNPs (rs12829185, rs3741475, and rs2682826) was even stronger in the 80 early-onset families using an AAO cutoff of 45 years and in the 114 early-onset families using an AAO cutoff of 50 years. Alleles of five additional NOS1 SNPs became significant when using the higher AAO cutoffs of 45 
and 50 years (rs7295972 [G] and rs2293052 [G] at p<0.01 and rs3782218 [T], rs11068447 [G], and rs1047735 [A] at p<0.05).
The major alleles of rs2293052 and rs11068447 and the minor alleles of rs7295972, rs3782218, and rs1047735 were the overtransmitted alleles.
The NOS1 SNPs with the most significant associations (rs12829185, rs3741475, and rs2682826) along with rs1047735 exist in fairly strong LD with r 2 values ranging from 0.31 to 0.85 (Fig. 1a) and D′ values ranging from 0.59 to 1. The SNPs rs3782218, rs11068447, rs7295972, and rs2293052 are in low to moderate LD with all other significantly associated SNPs (Fig. 1a) .
Allelic association results for NOS2A SNPs using APL in early-onset families at varying AAO cutoffs are shown in Fig. 3 . Unlike the NOS1 trend in associations by AAO, the significance of most associated NOS2A SNPs (rs2248814, rs2297516, rs1060826, and rs2255929) decreased when using increasing AAO cutoffs. The significance of the associated SNP rs12944039 increased slightly in the 80 early-onset families with AAO less than 45 years but then decreased with each increasing AAO cutoff. The minor alleles of two additional NOS2A SNPs (rs2072324 [A] and rs944725 [T]) became significant in early-onset families with an AAO less than 45 or 50 years.
The SNPs rs2248814, rs1060826, and rs2255929 exist in strong LD with r 2 values ranging from 0.45 to 0.95 (Fig. 1b) and D′ values ranging from 0.96 to 1. Other pairwise combinations of significantly associated NOS2A SNPs showed only low to moderate LD levels (Fig. 1b) .
Given the AAO trends in association of NOS1 and NOS2A SNPs with PD, QTDT was used to examine associations between AAO as the outcome and the SNPs significantly associated with PD in any early-onset strata. The NOS1 SNPs rs3782218, rs11068447, rs7295972, rs2293052, rs12829185, rs1047735, rs3741475, and rs2682826 were tested for allelic association with AAO of PD, and QTDT analyses revealed significant associations between earlier AAO and the G allele of rs2293052 (p=0.041) as well as the A allele of rs2682826 (p=0.0020). In addition, the NOS2A SNPs rs2072324, rs944725, rs12944039, rs2248814, rs2297516, rs1060826, and rs2255929 were tested, and there were significant associations between earlier AAO of PD and alleles at three SNPs: the G allele of rs12944039 (p=0.010), the A allele of rs2297516 (p=0.032), and the T allele of rs2255929 (p=0.017). The NOS1 and NOS2A alleles associated with an earlier AAO are the same alleles as those associated with risk of PD in earlier-onset families.
Gene-gene interactions
In the 40 early-onset families with sporadic PD, the best two-SNP MDR-PDT model revealed a significant association of PD with genotypes at the NOS2A SNP rs2255929 and the NOS3 SNP rs1808593 (p=0.046). This NOS2A SNP also had a significant single-locus association with PD in early-onset families, whereas the NOS3 SNP was not significantly associated with PD in any stratum. The best three-SNP MDR-PDT model in the 40 early-onset families with sporadic PD showed a significant association of PD with genotypes at the NOS2A SNPs rs2297516 and rs2297515 (r 2 = 0.30, Fig. 1b ) and the NOS3 SNP rs1549758 (p=0.0070). Of these SNPs, only rs2297516 had a significant single-locus association with PD. A four-SNP model was also tested in these families, but the best model was not significant. There were no significant multilocus associations of any two-or three-SNP models identified in the 337 overall or the 297 late-onset families with sporadic PD, and there were no significant findings when all NOS SNPs were input into MDR-PDT (data not shown).
From the pattern of high-risk genotype combinations identified by MDR-PDT for the best two-SNP model in the early-onset families with sporadic PD, dominant coding was selected as the appropriate genotype coding scheme for GEE model building of the significant two-SNP NOS2A-NOS3 combination. A reduction in the full model containing rs2255929, rs1808593, and an interaction term to a reduced model with no interaction term resulted in a nonsignificant likelihood ratio test thus failing to provide significant evidence for an interaction between rs2255929 and rs1808593. Further, the goodness of fit of this reduced model was not significantly different from the model containing only rs2255929 but was significantly different from the model containing only rs1808593 (p=0.021). The model containing rs2255929 thus provided more information about PD affection status than the model without rs2255929. GEE model building could not be applied to the best three-SNP model identified by MDR-PDT in the earlyonset families with sporadic PD due to convergence problems when analyzing high-order interactions in small sample sizes. Nonetheless, the trends in high-risk and lowrisk genotype distributions for the best two-SNP and three-SNP models involving NOS2A and NOS3 in early-onset families with sporadic PD reflected the distributions of SNPs having significant single-locus associations with PD (data not shown).
Gene-environment interactions
Gene-environment interaction analyses focused on 163 cases and 178 relative and other controls from 168 sporadic PD families with environmental risk factor data available. Fig. 3 NOS2A allelic associations with PD using APL with varying AAO cutoffs in earlyonset families with sporadic PD.
-log 10 (APL p) are shown for each SNP Fig. 2 NOS1 allelic associations with PD using APL with varying AAO cutoffs in earlyonset families with sporadic PD.
-log 10 (APL p) are shown for each SNP Of these, 48.5% reported ever smoking cigarettes, 90.3% reported ever consuming caffeinated beverages (coffee, tea, and/or soft drinks), 21.5% reported ever using NSAIDs (aspirin, ibuprofen, and/or naproxen), and 55.1% reported ever applying pesticides. GEE modeling showed significant interactions between these environmental factors and several NOS SNPs when adjusting for the main genetic and environmental factors, AAE, and sex. Interactions between three NOS1 SNPs and pesticide application (p = 0.034 for rs12829185, p = 0.026 for rs10774910, and p=0.028 for rs2682826) met all criteria for gene-environment interaction. Moderate LD existed between these SNPs with r 2 values ranging from 0.27 to 0.52 (Fig. 1a) and D′ values ranging from 0.58 to 0.90. In data stratified by risk allele carrier status at each of these SNPs, a significant positive association of pesticides and PD was observed in risk allele non-carriers, but this association diminished in risk allele carriers (Table 3) . Further, this pattern of association showed a dose-response pattern, whereby the strongest positive association of pesticides and PD in risk allele non-carriers of rs12829185, rs10774910, or rs2682826 occurred with the high cumulative exposure level (≥ median of 87.5 days) followed by the low cumulative exposure level (< median of 87.5 days). Using rs2682826 to illustrate, there was a strong positive association of being exposed at the high cumulative exposure level (OR=5.03; 95% CI, 2.28-11.12) and a more moderate association of being exposed at the low cumulative exposure level (OR=2.87; 95% CI, 1.19-6.94) in risk allele non-carriers (rs2682826 GG). There were no significant associations in risk allele carriers (rs2682826 GA/AA) exposed at either cumulative exposure level.
When limiting pesticide exposure to use of insecticides and herbicides, interactions with the NOS1 SNPs became more significant (p=0.0079 for rs12829185, p=0.015 for rs10774910, and p=0.011 for rs2682826). Five additional SNPs showed significant interaction with insecticide/herbicide exposure (rs547954, rs11611788, rs7139256, rs2293054, and rs1047735 with a range of p =0.012-0.042) and followed the same pattern of association where the significant positive association of insecticides/herbicides with PD was only observed in risk allele non-carriers (data not shown). Low to moderate LD existed among the SNPs that significantly interacted with insecticide/herbicide use (range of r 2 =0.03-0.65 from Fig. 1a , range of D′=0.46-1), and among these, only rs1047735 showed moderate LD levels with the SNPs that significantly interacted with use of any pesticide (range of r 2 =0.31-0.78 from Fig. 1a , range of D′=0.59-1).
Interactions involving cigarette smoking and the NOS2A SNPs rs2314810 (p=0.024), rs2248814 (p=0.021), and rs1060826 (p=0.013) provided a second combination meeting all specified criteria. There was also a nearly significant interaction between cigarette smoking and rs2255929 (p= 0.060). These SNPs are in strong LD with one another as defined by D′ values of at least 0.96, although r 2 values were low for combinations involving rs2314810 (range of r 2 = 0.04-0.08 from Fig. 1b) . In data stratified by risk allele carrier status at each of these SNPs, a significant inverse association between PD and smoking was observed in risk allele non-carriers, but this significant inverse association diminished in risk allele carriers (Table 3) .
It is possible to have a significant interaction between genetic and environmental factors that do not confer significant effects on their own. If we remove all criteria, even the one stating that at least one SNP with a significant interaction term must also be significantly associated with PD by itself, then additional gene-environment combina- tions would be considered in the analysis. This wider search for interaction needs to guard against increasing type I error, and therefore we only consider additional pairwise interactions with a significance level of p≤0.01 (a slight increase in significance level). This analysis detects one additional significant interaction, between caffeine and the NOS2A SNP rs944725 (p=0.0088). Stratified analyses showed that the significant inverse associations of caffeine was present in risk allele non-carriers of the NOS2A SNP, while there were no significant associations in the risk allele carriers (data not shown).
Discussion
Five independent studies have now examined the associations of NOS1, NOS2A, and/or NOS3 SNPs with PD [9] [10] [11] [12] , and this study is the largest to date with more than twice the number of participants and more SNPs that capture common variation across the NOS genes than any other study. Multiple SNPs in NOS1 (rs3782218, rs11068447, rs7295972, rs2293052, rs12829185, rs1047735, rs3741475, and rs262826) and NOS2A (rs2072324, rs944725, rs12944039, rs2248814, rs2297516, rs1060826, and rs2255929) were significantly associated with PD, particularly in earlier-onset families with sporadic PD. The effect in earlier AAO was also supported by quantitative trait analysis using AAO, in which we found that the risk alleles of rs2293052, rs2682826, rs12944039, rs2297516, and rs2255929 were associated with an earlier AAO. Further, the NOS genes may interact with one another or with environmental factors in influencing risk of PD. Although our findings did not provide compelling evidence for gene-gene interactions, promising gene-environment combinations with statistical evidence for interaction were revealed. The statistical patterns suggest that NOS1 genotypes may modify the effect of pesticides and NOS2A genotypes may modify the effect of smoking. When considering all pairwise interactions and a slightly more stringent significance level, one additional interaction between NOS2A and caffeine was detected. Excess NO synthesis is potentially involved in the progressive neuronal loss that characterizes PD. NOS gene variants that alter the regulation or function of NO synthesis could thus influence PD susceptibility. We previously reported significant associations of two NOS2A SNPs located in the flavin adenine dinucleotide (FAD) binding domain with risk in early-onset families and with an earlier AAO [8] . This work extends our previous association findings for NOS2A by implicating additional SNPs and expanding our region of interest beyond the FAD-binding domain. In this study, data were also stratified by family history of PD, and significant associations for NOS2A were strongest in earlier-onset families with sporadic PD. Significant associations for NOS1 were present only in earlier-onset families with sporadic PD. The restriction of significant association findings for NOS1 and NOS2A to families with sporadic PD suggests that variants in these genes may not be sufficient to cause disease but increase the likelihood for PD development, thus implicating NOS1 and NOS2A as susceptibility genes for sporadic PD. The associated NOS1 and NOS2A SNPs do not confer known functional or regulatory consequences, but these SNPs may confer unknown consequences or reside in LD with unidentified variants with true effects.
Prior biological studies have implicated NOS1 (the nNOS gene) and NOS2A (the iNOS gene) in PD development. Mutant mice with an ablated nNOS or iNOS gene are significantly resistant to the neurotoxic effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a parkinsonisminducing agent [37] [38] [39] . Mice injected with a pharmacological inhibitor of the nNOS gene also show significant neuroprotection from MPTP [37] . Similarly, pharmacological inhibition of the iNOS gene attenuates inflammatoryinduced dopaminergic neuronal loss [40] . In humans, heightened concentrations of both nNOS and iNOS correlating with NO overproduction have been detected in the substantia nigra of post mortem PD brains [41] . The question of whether increased NOS activity contributes to disease onset or accompanies the disease process remains unanswered, but biological links between excess NO synthesis and parkinsonism authenticate the statistical implications of NOS1 and NOS2A in PD.
The case-control studies examining associations of NOS1, NOS2A, and/or NOS3 SNPs with PD have reached differing conclusions. Levecque et al. initially tested the hypothesis that NOS1 and NOS2A influence PD in a French sample and found that the TT genotype of the NOS1 SNP rs2682826 significantly increased the risk of PD and the AA genotype of the NOS2A SNP rs1060826 significantly decreased the risk of PD [10] . Hague et al. replicated the significant inverse association of rs1060826 with PD but found no significant association of rs2682826 in a Finnish sample [9] . In our family-based case-control sample from the US, we reported associations of rs1060826 and other NOS2A SNPs with PD, but we found a significant positive association between the risk of PD and the A allele and AA genotype of rs1060826. This "flip-flop" association may indeed be confirmatory, since unmeasured interactive effects or variable LD patterns with a truly causal variant can lead to opposing directions of association for an investigated variant [42] . Subsequent studies in Spanish and German samples failed to detect associations between PD and NOS SNPs, including rs1060826 and rs2682826 [11, 12] . In this study, we detected significant associations between PD and several NOS1 and NOS2A SNPs, including the previously implicated SNPs. No studies have provided significant evidence to suggest that NOS3 is associated with PD.
There are several differences between our study and others to explain the different association findings. Each independent study has been conducted in a different American or European population. Different LD patterns between associated SNPs and truly causal variants in the various populations could explain the confirmation of association in some samples but not in others. Secondly, we detected associations for NOS1 and NOS2A SNPs in early-onset families, particularly in families with AAO less than 40, 45, or 50. In contrast, other studies examined associations in their overall samples with older onset cases (65 years median AAO for Levecque et al., 67.2 years mean AAO for Hague et al., and 52 years median AAO for Schulte et al.) [9, 10, 12] . The previous association findings could therefore reflect differing effects of NOS1 and NOS2A by AAO. Lastly, evaluation of single locus associations without accounting for potential interactions with other genetic factors or environmental factors could hinder replication.
Each NOS gene individually has the potential of influencing risk of PD, but a regulatory "cross-talk" between the NOS genes has been proposed [13] . The constitutive NOS genes (NOS1 and NOS3) and the inducible NOS2A gene are inversely regulated, such that decreased constitutive NOS expression and consequently low basal levels of NO are required for NOS2A expression. Despite this, no previous studies have reported testing for NOS gene interactions in PD.
Significant multi-locus associations of NOS2A and NOS3 SNPs with PD were detected in 40 early-onset families with sporadic PD, but important methodological concerns weaken confidence that this statistical finding is biologically relevant. First, our data show consistent trends of high-risk combinations that correspond to the high-risk genotypes of SNPs with significant single-locus associations. These trends suggest that the significant associations of the NOS2A SNPs rs2255929 and rs2297516 may be driving the significant two-SNP and three-SNP associations involving NOS2A and NOS3. The GEE model building provided no evidence for an interaction between the two SNPs and also showed that rs2255929 was a more important indicator of PD affection status than rs1808593.
Second, many cells in the MDR model contained either missing or singleton data especially for high-dimension models in relatively small sample sizes, such as our subset of 40 early-onset families with sporadic PD. This complicates the estimation of the prediction error [32] .
Lastly, incorporation of all NOS SNPs into MDR-PDT revealed no significant multi-locus associations, meaning that the NOS2A-NOS3 models were not robust enough to overcome additional correction for multiple comparisons. Further exploration of NOS gene interactions in a larger sample size, particularly for early-onset PD, is needed given the biological plausibility and this initial statistical implication of a NOS2A-NOS3 interaction.
Each NOS SNP was also tested for interaction with exposure history of four putative environmental factors for PD (cigarette smoking, caffeine, NSAIDs, and pesticides) in our family-based case-control sample. The use of familybased designs alleviates problems with confounding by ethnic background in genetic association studies and increases efficiency for detecting gene-environment interactions when compared to population-based study designs [43] . The reduced number of families in which geneenvironment interactions were evaluated is therefore offset by the increased efficiency of a family-based sample to detect interactions. The use of retrospective environmental exposure data may introduce the potential for recall bias if the accuracy of responses differed between cases and controls. Cases are typically more aware of potential risk factors for disease compared to population controls, and this may create a biased association if cases are more likely to recall exposure due to their increased awareness. However, the family-based study design likely reduces this potential bias as unaffected relatives may also be aware of potential risk factors for disease and be equally likely to recall exposure as their affected relatives. Several potential gene-environment interactions were presented. Although we cannot eliminate the possibility of false-positives in our gene-environment interaction data, we specified criteria to prioritize those interactions with the most consistent evidence for the relevant genetic and environmental factors influencing risk of PD.
Statistical interactions between NOS1 and pesticides in relation to PD were previously unexplored, and our data identify three SNPs (rs12829185, rs10774910, and rs2682826), in only moderate LD with one another, that significantly interact with a history of pesticide application. In stratified analysis, a positive association of PD with use of any pesticide was observed in the risk allele non-carriers of the three significantly interacting SNPs but not in carriers. This interaction was further supported by a dose-response pattern in risk allele non-carriers, showing that the positive association between pesticides and PD was stronger in those with a high cumulative exposure compared to those with a low cumulative exposure. Five additional NOS1 SNPs (rs547954, rs11611788, rs7139256, rs2293054, and rs1047735) showed significant interactions when limiting exposure to insecticide/herbicide application.
Although the delineation of a direct interaction between NOS1 and pesticides remains elusive, increased NO levels have been observed in the brains of rats chronically administrated the pesticide chemical rotenone [44] . For both NO and pesticides, impairment of mitochondrial complex I activity is the proposed mode of detrimental action [6] . One hypothesis proposes that excessive levels of NOS-generated NO and pesticide-generated O 2 − react to form peroxynitrite (ONOO − ), a potent toxin known to inhibit mitochondrial complex I function [6, 45] . A disruption in NOS1 expression by the NOS1 risk alleles (or a correlated variant not yet identified) could alter NO levels and lead to differing effects of pesticide application on risk of PD. Alternatively, the existence of a significant association of pesticides with PD in NOS1 risk allele non-carriers but not in carriers might indicate a heterogeneity of effects, in which one subset of individuals (individuals from early-onset families) are influenced by NOS1, whereas the risk of PD in another subset are influenced by pesticide application.
We previously proposed an interaction of smoking with the NOS2A SNPs rs1060826 and rs2255929 in PD [8] , and the current study identified two additional SNPs showing significant interactions with cigarette smoking (rs2314810 and rs2248814). In risk allele non-carriers of these SNPs, the well-documented inverse association of cigarette smoking was observed, but this association diminished in risk allele carriers. This may suggest that a strong genetic effect by NOS2A overrides the protective effect of smoking. However, prior biological evidence supports a direct interaction between NOS2A and smoking, as an in vitro study suggested that cigarette smoke condensates attenuate iNOS induction and ultimately reduce toxicity [46] . The implicated NOS2A SNPs (or a correlated variant not yet identified) could disrupt this regulatory pathway and lead to the observed disruption in smoking's association with PD.
Our findings support NOS1 and NOS2A as genetic risk factors for PD and show that these genes might modify the effects of established environmental factors for PD. Despite the epidemiologic evidence, the biological mechanisms of action by pesticides and smoking in PD, if existent, have long eluded investigators. Interactions with genetic risk factors likely hold the key to unraveling these puzzles. This study shows that NOS1 and NOS2A variants associated with PD eliminate the effects of pesticides and cigarette smoking. Individuals who carry the NOS1 risk alleles are not subject to the risk associated with pesticides, and those who carry the NOS2A risk alleles are not subject to the protective effect of smoking. Pesticides and smoking are significantly associated with PD in individuals who do not carry these variations.
Statistical association does not equate to biological mechanism, but our comprehensive examination of interactions of NOS1 and NOS2A SNPs with environmental factors generates plausible hypotheses for how NOS1, NOS2A, cigarette smoking, and pesticide exposure might influence risk of PD. Further biological investigations should be aimed at identifying functional or regulatory NOS1 and NOS2A variants responsible for increasing the risk of PD, decreasing AAO, and modulating the effects of established environmental factors.
